The prediction of ultra-low magnetic damping in Co 2 MnZ Heusler half-metal thin-film magnets is explored in this study and the damping response is shown to be linked to the underlying electronic properties. By substituting the Z elements in high crystalline quality 
I -INTRODUCTION
As a result of many theoretical and experimental advances, spintronic, electronics that use both the charge and spin of the electron, is progressing. Predictions of many phenomena like high magnetoresistance MgO-based magnetic tunnel junction [1, 2] , magnetization reversal by spin-transfer torques (STT) [3, 4] , magnetization reversal by spin-orbit torques (SOT) [5] or all-optical switching (AOS) by direct laser excitation [6] offer possibilities to design magnetoresistive random access memories, magnetic sensors and novel logic devices.
Even more the search for systems with high conversion efficiency of charge to spin or spin to charge current conversion [7] are being explored for fundamental understanding of spintransport and for applications in low-energy-consumption devices. Most spintronic device consists of thin-film heterostructures where interesting physics emerges at the interfaces [8] .
For continued progress, magnetic materials with specific and dedicated properties are needed, such as a high Curie temperature and an appropriate magnetic anisotropy for thermal stability [9] , a high spin polarization at the Fermi energy to obtain fully spin-polarized currents, and a small magnetic damping to easily generate magnetization precession. All of these properties are desirable for STT, SOT and AOS based devices [9] but also in spin-wave-based devices, an emergent research field called magnonics [10] .
However it is increasing challenging to achieve low magnetic damping in metallic magnetic materials. The magnetic damping reflects the ability of the magnetization to precess around an effective magnetic field. Dissipation occurs due to interactions with the environment, the precession amplitude decreases and the oscillating magnetization returns to align with the effective field. This damping process is characterized by the phenomenological Gilbert damping coefficient α within the Landau-Lifshitz-Gilbert (LLG) formalism [11] [12] [13] [14] .
For many emerging spintronic and magnonic application, this is particularly important in lowpower applications that exploit magnetic dynamics such as STT switching where the switching current is directly proportional to α [15] . This is also true for SOT devices where a precessing magnetization generates a charge current in a metal and vice et versa [9, 16] .
While low damping parameters are often obtained in ferrimagnetic insulating oxides such as yttrium-iron garnet (YIG) where α=7. 35 10 -5 can be observed in the bulk [17] , magnetic metals typically have much higher damping where Fe-V alloys having a damping around 2 10 -3 [18, 19] was considered state of the art for a thin film. Recently there was progress in getting damping as low as α=2. 1 10 -3 in Fe-Co alloys [20] . However, a broader class of materials where ultralow magnetic damping in metallic magnets emerges as halfmetal magnetic (HMM) behavior. Such materials emerged in 1983 by De Groot et al. [21] who reported predictions of peculiar electronic property of the NiMnSb half Heusler compound. Its electronic band structure was predicted to be in between a metal and an insulator. For the majority spin, responsible for the macroscopic magnetization, this material is a metal since electronic states are available around the Fermi energy. However, for minority spins, there is a gap around the Fermi energy. This peculiar property was called half-metallic magnetic (HMM) behavior. The NiMnSb material is thus a metal for majority spins whereas it is an insulator (at 0K) for minority spins. Such properties lead to a full spin-polarization at the Fermi energy, making this material an excellent candidate for spin current generation.
Furthermore, additional theoretical studies performed on HMM materials highlighted another physical property of major importance in spintronic: their magnetic damping coefficients were predicted to be extremely low compared to other conductive materials (a factor 100 below in the 10 -5 to 10 -4 range) [22] [23] [24] .
In HMM materials, extremely low magnetic damping coefficients are predicted due to the following reason. The electronic band structure imposes no density of states for minority spin. This spin channels exchange is thus forbidden and leads to continuous precession [22] .
In practice, other dissipation processes are possible leading to non-zero damping coefficient, but even with taking them into account damping coefficient as low as 10 -5 are predicted [22, 24] . The precession damping is thus much smaller in a HMM than in a regular ferromagnetic material (with non-zero density of states at the Fermi energy for both spin channels). The HMM materials are thus very promising materials for applications.
After the paper of De Groot [21] , HMM properties were theoretically predicted for many
Heusler compounds [25] [26] [27] . However, it took a significant effort for experimentalists to obtain a direct verification. Indeed, the direct evidence of a spin gap in the minority spin channel was [24, 38, 39] and experiments [39, 40] show that the physical properties (Curie temperature, cell parameter, magnetic moment, magnetic damping constant and spin polarization at E F ) are not drastically different between the L2 1 and B2 phases and the half-metallic spin gap should be conserved. On the other hand, the correlation between the degree of chemical ordering and the physical properties suffers a lack of experimental evidence since it is utterly complex to manipulate the degree of chemical ordering without adding other parameters to take into account (like introducing doping or reducing the crystallographic quality of the layer).
In this work, we present a systematic study of Resonance (FMR) in a perpendicular geometry (dc magnetic field applied perpendicular to the film plane). Ultra-low damping (in the range 4. 10 -4 to 9 10 -4 ) is observed here for at least 4 of these 6 materials and is discussed according to the spin polarization determined experimentally and compared to theoretical predictions.
II -EXPERIMENTAL RESULTS
Samples growth and structural characterization -All the films were grown by using RHEED patterns and STEM-HAADF images show the correct positioning of the Z element meaning that the films structure is compatible with the L2 1 structure, except Co 2 MnAl for which a B2 structure takes place, as reported in the literature [30] . Spin polarization -Since SR-PES is a surface technique, the films were grown in a MBE chamber coupled to the synchrotron beamline (see appendix and ref. [29, 42] For the Co 2 MnZ IV compounds (Z=Si/Ge/Sn) the SR-PES spectra show a similar PES shape which is expected regarding the constant number of valence electrons in each compound. Importantly, one should note that they manifest the same transitions depicted in our previous paper on Co 2 MnSi [29] , where two features are explained. First, the loss of spin polarization at E F is caused by the presence of polarized surface states split by exchange coupling (noted S 1 for majority spin and S 2 for minority spin in figure 2 ). Indeed, these S 1 and S 2 transitions completely disappear when covering the surface by an atomic layer and the high spin polarization is thus observed up to the Fermi energy (we tested MgO, Mn and MnSi in [29] ). It should be noted that these surface states are resonant with photon energy [29] words, the PES experiments including the surface states do not allow one to obtain the bulk spin polarization. To access it, one can change the photon polarization from P to S. We previously showed that the spin gap can thus be observed up to E F in Co 2 MnSi [29] . We consequently performed the same experiment on Co 2 MnGe and Co 2 MnSn. Results are shown in figure 2. Like in Co 2 MnSi using a S photon polarization, the suppression of the transitions coming from the surface states allows us to see the spin gap in Co 2 MnGe but more interestingly, a full spin polarization is now observed confirming Co 2 MnGe is HMM. The (pseudo) spin gap is also observed for Co 2 MnSn. Even though it is much larger than in figure 2 using P polarization this compound is not fully spin polarization but has a SP of 80%.
For Co 2 MnZ III compounds, the number of valence electrons is lower than in type IV so E F should decrease. This is actually observed and the former surface states are above E F and not occupied so the SP is maximum at E F . Therefore, the maximum of spin polarization visible on figure 2 for the Co 2 MnZ III compounds nearly corresponds to the beginning of the minority spin gap. The SP was observed to be close to 60% Magnetic damping measurements -The magnetic damping properties of these films were extracted by using FMR measurements performed on the samples grown on the CASSIOPPE beamline (after capping them with Au) but also on samples grown in our MBE at Institut Jean Lamour. FMR experiment allows studying the precession dynamic of the electronic magnetic moment [11] [12] [13] [14] 46, 47] in ferromagnetic materials (see appendix for details). Typical VNA-FMR measurements performed on Co 2 MnGe (left column) and Co 2 MnSi (right column) are shown in figure 3 . films. Finally, one should note that this kind of FMR measurement leads to an effective value of the damping larger than the intrinsic value for the material [20, 52, 53] . Indeed, the effective damping measured here gathers extrinsic contributions such as the radiative damping, the eddy current damping and the spin-pumping contributions. 
III -DISCUSSION
All the experimental results extracted from this work are reported in table I together with theoretical predictions found in the literature. Looking first the PES results obtained on Co 2 MnZ IV compounds, the observed full spin polarization for Si and Ge is consistent with theoretical calculations regarding the calculated width of the spin gap and the position of the Fermi energy in the middle of the gap. For Co 2 MnSi band structure calculations, the Fermi energy is located right in the middle of the spin gap [24, 54] and a large gap is obtained (0.8 eV [54] , 0.41 eV [24, 55] ). Our results are consistent with these theoretical predictions since the measured (half-) gap between the minority spin valence band to E F is around 0.4 eV (figure 2). In the case of Co 2 MnGe, the calculated gap is smaller (0.58 eV [56] ) and E F is closer to the minority valence band, again consistent with our observations (half-gap around 0.25 eV -see figure 2 ). Finally, regarding Co 2 MnSn bands calculations, Kandpal et al. [56] found E F in the gap and close to the valence band (so HMM) whereas Ishida et al. [55] found it 0.06 eV below the top valence band (so not HMM). Our results do not allow us to conclude about this point (HMM or not) since our measurements are broadened by temperature (300K).
However, both scenarios are consistent with the limited SP reported here. To summarize, the SR-PES results on these type IV Heusler compounds are well described by ab initio calculations. The presence of this minority spin gap at the Fermi energy should reduce the magnetic damping due to the removal of one conduction channel responsible for scattering processes involving spin flip (in other words, it should decrease the energy dissipation through spin relaxation in the system). Our magnetic damping measurements are in agreement with this mechanism. Indeed, the larger the spin gap the smaller the magnetic damping. These large spin gaps in Co 2 MnSi and Co 2 MnGe also explain why the magnetic damping is rather independent on the temperature for these two compounds (thermal fluctuation energy lower
Our experiments (290 K) 60 % 4,3 [38] -0.68 [56] 0.66 [56] 0 [55] 100 % 4.09 [57] -0.67 [56] 0.3 [56] 0 [55] Type IV 100 % 4,94 [51] 6 10 -5 [22] 100 [56] [24] [54] 0.41 [24] 0.81 [54] ~ 0.2 [24] 0.33 [54] 100 % 4,94 [51] 1.9 10 -4 [21] 100 [53] [ 55] 0.58 [55] 0.54 [53] 0.07 [60] 0.03 [53] Sn 6.00 5. 81 % 4,98 [51] 7 10 -4 [59] 0.77 [56] 0.41 [56] 0.17 [55] 0 [56] -0.06 [55] Type V Sb 5.96 5.1 9.6 10 -4
(290 K) 36 % 6 [58] -100 [57] 0.65 [58] 0.33 [55] 0.56 [58] 0.39 [55] Regarding bands calculations on Co 2 MnZ III = Al or Ga considering the L2 1 phase, the theoretical SP at E F are respectively equal to 68 and 67% respectively [56] . Full SP is not reached because a small minority spin DOS remains at the Fermi energy. Strictly speaking, these compounds are not predicted to be true HMM. However, this former DOS is so small that a strong SP is still calculated. To account for this peculiar behavior, theoreticians use the term "pseudo gap" [57] . The SR-PES results shown in figure 2 for the B2 ordered Co 2 MnAl are in good agreement with this theoretical prediction since a SP of 60 % is obtained at E F . It is also consistent with the theoretical work of B. Pradines et al. [24] , explaining that the spin polarization at E F should stay unchanged between the L2 1 and B2 chemical phases. However, the situation is different for Co 2 MnGa. We observed a full SP in clear disagreement with theory. Our experimental results show that E F is located in a true band gap, but very close to the minority spin valence band. As a consequence, this leads to a low magnetic damping (compared to regular ferromagnetic layers) but higher than type IV compounds due to the proximity of E F with the valence band.
For the Co 2 MnSb compound, theoretical calculations lead to a large spin gap (0.65 eV) with E F very close to the empty minority spin conduction band (0.09 eV below) in [58] or even in the conduction band in [55] . The experimental results are puzzling. As our PES results
are not consistent with a HMM behavior, a very low magnetic damping is however observed consistent with a HMM behavior. In fact, the low SP can be explained by considering Sb segregation at the surface that does not affect the bulk SP. We conclude that Co 2 MnSb is likely HMM in the bulk, but its magnetic damping is higher than for type IV materials because of the E F proximity with the minority conduction band. These observations finally point out that our SR-PES analysis is pertinent to get bulk properties for (001) Co 2 MnSi, Ge, Sn, Ga, and Al but not for (001) Co 2 MnSb.
IV -CONCLUSIONS
This work is a clear experimental demonstration that the unique electronic band structure of Half-Metal Magnetic materials leads to ultra-low magnetic damping. This study allows us to determine several key-points to achieve ultra-low damping. The most important 
Spin-resolved photo-emission spectroscopy (SR-PES): SR-PES experiments were
performed on the CASSIOPEE beamline at SOLEIL synchrotron. The set-up and analysis process are detailed in [42] (beamline description) and [29] (study of Co 2 MnSi). The spinresolution is obtained using a Mott detector with an overall energy resolution of 150 meV in the photon energy range 30-40 eV used in this study. As discussed in ref. [29] , our experimental conditions allow us to explore around 80% of the Brillouin Zone according to the photon energy range used in this study. As the films magnetization is always in-plane in our samples, the films were first magnetized in situ before the photoemission measurement by applying an in-plane magnetic field equal to 200 0e sufficient to saturate the magnetization (the coercive fields in our samples are always below 100 Oe). As the SR-PES measurement has to be performed without any magnetic field, the spin polarization extracted from raw PES spectra is obtained at remanence. The remanence is systematically measured on the same films ex situ after capping the samples with 5 nm thick gold. The remanence was observed to vary from 80 to 100% depending on the Co 2 MnZ compound. The true spin polarizations shown in this paper are thus obtained by correcting the SR-PES spectra from remanence.
Magnetic damping measurements:
Like in NMR, the precession occurs when an oscillating magnetic field of small amplitude is generated perpendicular to the magnetic moment equilibrium which corresponds, in a ferromagnet, to the magnetization direction.
This equilibrium position is imposed by the effective field derived from magnetic free energy density that includes exchange, dipolar interactions and magnetocrystalline anisotropy energies. The magnetic damping is, by definition, inversely related to the lifetime of the precession. The damping value is thus extracted by looking at the linewidth of the resonance peak in frequency. The larger the linewidth is, the higher the damping and the shorter the precession motion. FMR experiments were performed in the perpendicular geometry where the static magnetic field is applied out of the plane of the film in order to avoid extrinsic broadening of the linewidth due to the 2-magnons scattering [46, 47] . The RF magnetic field is generated, thanks to a Vector Network Analyser (VNA-FMR), in a coplanar waveguide (ground-signal-ground geometry) on top of which the sample is placed face down.
Measurements are performed in reflection geometry. The physical parameter extracted from these experiments is the S 11 coefficient of the scattering matrix of the line, from which the dynamic susceptibility of the magnetic layer is extracted [47] . In the case of a perpendicular geometry, the Kittel law [11] (equation 1) becomes linear and so does the evolution of the peak's linewidth versus its own resonance frequency. The slope of this curve is directly the magnetic damping value (equation 2):
where refers to the resonance frequency, 0 the gyromagnetic ratio of the electron, the magnetic field strength, the magnetization, ⊥ the perpendicular magnetic anisotropy, the effective magnetization = − ⊥ , Δ the full width at half maximum, ∆ 0 the inhomogeneous half linewidth and the Gilbert magnetic damping. The shift in frequency of the resonance peak versus field is imposed by the gyromagnetic ratio 0 of the electron, which should be equal to 28 GHz/T in the case of a of a pure delocalized ferromagnetic model (free electron model). However, in a solid, this ratio can be different mainly due to spin-orbit coupling since 0 is proportional to the Landé -factor. The fitted slopes in figure 3 -c give 0 = 27.9 and 28.2 GHz/T corresponding to a Landé -factor equal to 1.99 and 2.01 (very close from the non-interacting electron case, as expected for 3d compounds).
